Photoelectron angular distributions from fixed-in-space H 2 molecules exposed to ultrashort xuv laser pulses have been evaluated. The theoretical method is based on the solution of the time-dependent Schrödinger equation in a basis of stationary states that include all electronic and vibrational degrees of freedom. Asymmetric angular distributions are observed as a consequence of the delayed ionization from the H 2 doubly excited states, which induces interferences between gerade and ungerade ionization channels. The analysis of this asymmetry as a function of pulse duration can provide an estimate of the corresponding autoionization widths.
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An important experimental effort has been devoted to study H 2 ionization with synchrotron radiation ͓3,6,9-14͔ due to its simplicity and the possibility of comparing with accurate theoretical calculations ͓6,15,16͔. A striking finding has been the observation of photoelectron angular distributions that do not respect the inversion symmetry of H 2 . In Ref. ͓6͔, asymmetric angular distributions have been observed and theoretically predicted for linearly polarized light of 33 eV and H 2 molecules oriented perpendicularly to the polarization direction. Evidence of a similar asymmetry was reported earlier for molecules oriented parallel to the polarization direction ͓3͔. Calculations performed in the framework of stationary scattering theory have shown that the asymmetry only appears when molecular doubly excited states are efficiently populated ͓6͔. This is because ionization channels in which the residual H 2 + ion is left in states of different inversion symmetry, 1s g and 2p u , interfere efficiently. In contrast, in the absence of doubly excited states, the electron angular distributions are perfectly symmetric ͓16͔. It was then suggested ͓6,16͔ that the requirement for an efficient interference between g and u channels of the residual molecular ion could be the delayed ionization from the H 2 doubly excited states.
To prove unambiguously that this is indeed the origin of the asymmetry, one has to follow the evolution of the photoelectron angular distribution with time. This is not a mere curiosity because, if true, one could use this strategy to estimate autoionization lifetimes. In this Rapid Communication we show that molecular autoionization lifetimes can be reasonably estimated by using ultrashort xuv pulses and by measuring the asymmetry of the photoelectron angular distributions as a function of pulse duration. This result applies to any homonuclear diatomic molecule in which ionization leaves the remaining molecular ion in states with different inversion symmetry. Ultrashort xuv pulses are currently produced by high-order harmonic generation from gases exposed to intense infrared lasers. Thus, the combination of these radiation sources with multicoincidence detection techniques would be the obvious experimental approach to implement this idea. Such a strategy should be relevant to obtain autoionization lifetimes in more complex molecules.
In spite of the apparent simplicity of H 2 , the study of ionization by using a time-dependent treatment is a formidable task. Autoionization is the result of electron correlation and, consequently, theoretical modeling must thus account for it. Furthermore, since H 2 doubly excited states are dissociative and autoionization is slow, the nuclei have enough time to move outside the Franck-Condon ͑FC͒ region before the electron is effectively ejected ͑see Fig. 1͒ . Therefore, the theory must also account for the nuclear motion. Finally, since direct ionization and autoionization interfere, a fully quantum mechanical treatment of both the electronic and nuclear motions is required. A time-dependent theoretical method that fulfils the above requirements, i.e., that provides a quantum description of electrons and nuclei with inclusion of electron correlation in full dimensionality, has been recently proposed ͓17,18͔ and subsequently adapted to treat H 2 autoionization ͓19͔. We have extended it here to account for the special boundary conditions associated with multicoincidence experiments.
Briefly, we have solved the time-dependent Schrödinger equation
where r represents the electronic coordinates r 1 and r 2 , R is the internuclear distance, H 0 is the H 2 field-free nonrelativistic Hamiltonian,
H el is the electronic Hamiltonian, and V͑t͒ is the laser-H 2 interaction potential in the dipole approximation
with T as the pulse duration and as the pulse frequency. In all calculations reported below we have considered a pulse with = 33 eV, T =1-10 fs, and I = A 0 2 2 =10 12 W / cm 2 . The time-dependent wave function ⌽͑r , R , t͒ is expanded in a basis of ϳ21 000 fully correlated vibronic stationary states of energy E i , i ͑r , R͒, which include the bound states, the nonresonant continuum states ͑ϳ19 000͒ and the doubly excited states of H 2 ͑ϳ1000͒:
The vibronic stationary states are written as products of an electronic wave function and a vibrational or dissociative wave function ͓18͔. The former are obtained from configuration interaction calculations ͑for bound and doubly excited states͒ and L 2 close-coupling calculations ͑for nonresonant continuum states͒ performed within a box and for a dense enough grid of internuclear distances ͓19͔. Assuming the validity of the Born-Oppenheimer ͑BO͒ approximation, the i ͑r , R͒ states are eigenstates of the field-free Hamiltonian at t = ϱ. Thus, projection of ⌽͑r , R , t͒ onto the i ͑r , R͒ states at t = ϱ leads without any ambiguity to amplitudes that can be written in terms of the c i expansion coefficients and can therefore be used to obtain the fully differential angular distributions in the usual way ͓16͔. In a typical experiment in which the momentum of all ejected electrons and protons is detected in coincidence, angular distributions associated to the H + H + and H + + H dissociative ionization channels can be distinguished ͓20͔. To properly account for these boundary conditions, the ⌽͑r , R , t͒ wave function must be projected onto stationary continuum states that localize one of the electrons in a given proton. At t → ϱ, the latter states are simply a linear combinations of the H + 2 states associated with the 1s g and 2p u ionization channels. In practice, the system of coupled differential equation that arises upon substitution of expansion ͑4͒ into Eq. ͑2͒ is integrated up to t max ӷ T , 1/ ⌫ r , where ⌫ r is the autoionization width of the rth doubly excited state. Nonadiabatic couplings have been neglected. As a result of enclosing the system in a box, the continuum spectrum becomes discrete. To avoid artificial reflections of electrons and nuclei in the box boundaries, the energy spacing between discrete levels in both the electronic and dissociative continua must be smaller than the bandwidth of the pulse and the autoionization widths of the relevant doubly excited states. Figure 2 shows the ionization probability as a function of the proton kinetic-energy release ͑KER͒ for a pulse of 10 fs and protons emitted at 0°and 90°with respect to the polarization vector. The figure also shows the PAD at three selected proton energies. For both orientations, the angular distributions are symmetric at very low KER ͑Ͻ2 eV͒. In this region, nonresonant ionization through the 1s g channel is by far the dominant process ͓21,22͔. The asymmetry becomes apparent in the regions of the KER spectrum where ͑i͒ autoionization is the dominant process and ͑ii͒ the overlap between the 1s g and 2p u channels is significant. This confirms that the asymmetry of the PAD results from the inter-FIG. 2. ͑Color online͒ Proton kinetic-energy spectrum and photoelectron angular distributions for H 2 exposed to a xuv laser pulse of 33 eV, intensity of 10 12 W / cm 2 , and duration of 10 fs. H 2 is ͑a͒ parallel ͑final 1 ⌺ u + symmetry͒ and ͑b͒ perpendicular ͑final 1 ⌸ u symmetry͒ to the polarization direction. Thick solid line: ionization probability; thin solid line: contribution from the 1s g ionization channel; thin dashed line: contribution from the 2p u ionization channel. The angular distributions are shown for proton kinetic energies ͑a͒ 0.6, 6.1, and 7.1 eV and ͑b͒ 0.9, 4.1, and 6.6 eV. H + and H are indicated by red ͑upper͒ and gray ͑lower͒ balls, respectively. ference between ionization channels involving H 2 + states of different inversion symmetry ͓6͔. The present results are very similar to those obtained with synchrotron radiation ͓6,16͔, thus indicating that all relevant physical processes induced by the radiation field occur in less than 10 fs. Nevertheless, some differences are apparent in KER regions of the order of the pulse bandwidth ͑ϳ0.8 eV͒ in which the angular distributions vary rapidly with electron energy ͑e.g., at ϳ4 eV for the parallel orientation͒.
To better understand the origin of the asymmetry, Fig. 3 shows the evolution of the KER spectra and the PADs with time. As can be seen, at very short times, the PADs are totally symmetric. In this case, only nonresonant ionization is possible, which leads to two peaks: one at low KER due to ionization through the 1s g channel and another one at high KER due to ionization through the 2p u channel. These peaks do not overlap because nonresonant ionization occurs exclusively in the FC region and the energy of the ejected electron ͑viz. the KER͒ is very different in each channel ͑see Fig. 1͒ . Consequently, interference between these two channels is not possible. In the low KER region, the PAD remains symmetric forever because nonresonant ionization is always dominant ͓22,23͔. However, as soon as autoionization appears in other regions of the KER spectrum and the electron energy becomes more similar in the 1s g and 2p u channels, the PAD becomes asymmetric because the latter two channels interfere. For the parallel orientation, the largest contribution to autoionization comes from the lowest Q 1 1 ⌺ + u doubly excited state, which can only decay through the 1s g channel; for the perpendicular orientation, it comes from the lowest Q 2 1 ⌸ u state, which can decay through both the 1s g and 2p u channels ͑at 33 eV, contribution from higher doubly excited is negligible͒. In the first case, the asymmetry results from the interference between autoionization through the 1s g channel and nonresonant ionization through 2p u channel, while, in the second case, it mainly results from the interference between the above two autoionization channels ͑see Fig. 1͒ . It can be seen that the asymmetry is larger and develops faster in some regions of the KER spectrum than in others, which is due to the variation in the relative phase in the g and u channels and of the autoionization lifetime with internuclear distance. This evolution of the PADs with time shows that it is indeed the delayed ionization from the H 2 doubly excited states that is responsible for the asymmetry of the PADs.
The above results suggest that measuring the asymmetry FIG. 3 . ͑Color online͒ Time evolution of the proton kineticenergy distribution and the photoelectron angular distributions for H 2 exposed to a xuv laser pulse of 33 eV, intensity of 10 12 W / cm 2 , and duration of 10 fs. Left column: parallel orientation. Right column: perpendicular orientation. Angular distributions are only shown for probabilities that are significantly different from zero. Notations as in Fig. 2. of the PAD for different pulse durations can provide an estimate of the autoionization lifetimes. Figure 4 shows the asymmetry of the PAD in the parallel orientation as a function of KER for different pulse durations. The inset of the figure shows the variation in the asymmetry with the pulse duration for a specific KER. The asymmetry is defined as the normalized difference between the probabilities for an electron to escape in the direction of H + or H. Thus it can only take values between −1 and +1. For pulses longer than 10 fs, the asymmetry remains constant, thus indicating that one has reached the stationary regime. The magnitude of the asymmetry decreases as the pulse duration decreases. For a pulse duration of 2 fs, the asymmetry has practically disappeared, suggesting that there is no interference between the g and u ionization channels, i.e., between autoionization and direct ionization. This means that autoionization takes 2 fs and that, when it occurs, the pulse is no longer present to produce direct ionization with which it can interfere. Hence, one can conclude that the lifetime of the lowest Q 1 1 ⌺ u + doubly excited state should be ϳ2 fs. This is consistent with the average value of the autoionization width in the FC region ͓24,25͔. The situation is quite different in the perpendicular case because autoionization from the Q 2 states proceeds through both the 1s g and 2p u channels ͑see Fig. 1͒ . Since the two channels are populated both during and after the pulse, they will always interfere irrespective of the pulse duration. Therefore, the asymmetry never disappears except if, by chance, the relative phase is such that it leads to no effective interference ͑as for the proton energies leading to nodes in Fig. 4͒ . Hence the necessary condition to obtain symmetric angular distributions by reducing the pulse duration is that either the g or the u channel is mainly populated by direct ionization.
In conclusion, we have shown that the asymmetry in the photoelectron angular distributions produced in dissociative photoionization of H 2 is due to the delayed ionization from doubly excited states. We have also shown that ultrashort xuv pulses can be used to estimate the autoionization lifetimes of the lowest doubly excited states by studying the variation in that asymmetry with pulse duration. Another, more involved, possibility would be to perform pump-probe experiments with a xuv pump pulse much shorter than 2 fs and a probe pulse that is delayed from the former in a controlled way. Which observables should be analyzed in this case is the subject of current investigations. 
